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SEcTIO# 1 
INTRODUCTION 
The H. E. Crarer Company, Inc. began work under NASA Coatract 
No. W8-31841 in Xarch 1976 and colnpleted work, including all modifi- 
cations to the contract, in December 1980. The work under the contract 
bss principally involved the development of the NASAhSFC REED computer 
code for predicting concentrations, dosage and deposition downwind fram 
rocket vehicle launches and the development and application of dispersion 
rodeling techniques for use in HASA enviromeatal studies concerned 
with launch support and associated fuel storage and handling problems. 
In this final report, we describe the calculation procedures and results 
of nine studies performed during the course of the vork vhich vere not 
included in the two formal technical reports previously submitted uuder 
the contract (Stephens and Dumbadd, 1979; Dumbauld, Rafferty and 
Saterlie, 1977). 
SECTION 2 
SIMPLIFIED I)ISPElSIOk4 HODEL FOR THE 
MMENTW PEASE OF PLUne EXPAXSION 
A Hamentun Phase Dispersion H d e l  c q u t e :  program was developed 
f o r  use on the  RBEDA system f o r  ca lcula t ing  concentrations i n  the  jet 
plumes from various ducts at S F C  f a c i l i t i e s .  The mathenatical equations 
used i n  t h e  computer program as w e l l  as t he  s o l u t i o ~ s  f o r  example probless 
are given b e l w  f o r  t h e  fol louing source configurations: 
A horizontal  exhaust duct near ground level located 
at the  Harshall Hot Gas F a c i l i t y  (WIK;F) 
A horizontal  exhaust duct a t  a height of 30.5 meters 
above the ground located a t  the  T/Acoustic Fac i l i ty  
A v e r t i c a l  exhaust duct at a height of 9.15 meters 
above the  ground located a t  LRLF 
Effluent composition and o ther  source parameters f o r  the three  exhaust 
ducts are given i n  Tables 2-1 through 2-4. The concentrations Xo at the  
duct e x i t  of potent ia l ly  hazardous gases contained i n  the  exhaust e f f luent  
a t  each f a c i l i t y  are given i n  Tables 2-1 through 2-3. Table 2-4 g i v ~ s  
the remaining source parameters required f o r  input t o  the  models. Thres- 
hold hazard concentrations (THC) f o r  the  various const i tuents  of the  
exhaust gases a r e  given i n  Table 2-5. 
The plume expansion formula used i n  the calculat ions is based 
on expressions f o r  the expansion of plumes frcm j e t s  described by Briggs 
(1971) where the  source emissions a r e  assumed to  be cont! luaus fo r  a 
period of s i x t y  seconds o r  longer. Observations of plumes from jets 
indica te  tha t  the plume radius r increases with distance from the  
e x i t  plane according t o  the  expression 
TABLE 2-1 
CONCENTRATIONS IN EXHAUST 
DUCT ( ~ 0 )  AT THE WliGP 
TABLE 2-2 
C O N C ~ T I O N S  IN THE EXEAUST WCT 
O(J AT ?W, TIACOUSTIC FACILITY 
TABLE 2-3 
CONCENTRATIONS IN THE EXHAUST DUCT (k) AT 'RE LRLF 
TABLE 2-4 
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u = ambient wind speed 
v = e x i t  ve loc i ty  a t  the  source 
0 
x IL d i s t ance  from t h e  exit plane 
The rad ius  rx of t he  plume a t  a d is tance  x from the  e x i t  plane is  
where 
r = e f f e c t i v e r a d i u s o f  t h e e x i t  0 
For rectangular  shaped e x i t s ,  t he  program assumes 
where 
A. = area of t he  duct e x i t  
When the je t  is  d i rec ted  hor izonta l ly ,  Equation (2-2) is strictly 
va l id  out t o  the  d is tance  a t  which the  jet ve loc i ty  becomes equal to  t he  
ambient wind speed. Assuming the  wind d i r ec t ion  is along the a x i s  of the 
- j e t ,  the  d is tance  x' where v equals u  is  given by 
0 
I f  t he  jet is d i rec ted  v e r t i c a l l y ,  the plume r i s e s  due t o  t h e  momentum 
generated by t h e  j e t  and t h e  s t a b i l i z a t i o n  height H is diven by t h e  
expression 
where 
h height of t he  j e t  e x i t  plane 
The d is tance  downwind x' at which d is tance  t h e  s t a b i l i z a t i o n  height  H 
is achieved is given by 
Assuming t h a t  t he  material i n  the plume has a Gaussian d i s t r i -  
bution, the  concentration a t  t he  plume cen te r l i ne  a t  height  z above 
the  ground and dis tance  x<x' from the exhuas: i s  given by 
Similarly, a t  distances x>x', the concentration is given by 
In Equation (2-7) and (2-8), 
X, a gas concentration at the exit plane 
= standard deviation of the wind azimuth 
angle i n  radians 
oi = standard deviation of  the wind elevation 
angle i n  radians 
Concentrations a t  d is tances  g r e a t e r  than x '  downwind from v e r t i c a l l y  
or iented jets are ca lcu la ted  from Equation (2-8). The program does not  
contain provision f o r  ca l cu la t ing  concentrat ions from v e r t i c a l l y  o r i en t ed  
jets f o r  d i s tances  less than x' .  The c r i t i c a l  d i s tauce  xcrit a t  which 
X G C  is obtained by solving Equation (2-7) o r  Equation (2-8) using 
i t e r a t i v e  procedures t o  determine the value of x t h a t  is equal  t o  xcrit. 
Requisi te  model i npu t s  include t h e  height  z and t h e  meteoro- 
- 
l og i ca l  parameters u, and 0;. To ob ta in  maximum estimates of xcrit 
f o r  t h e  MHGF, the  height  z was s e t  equal  t o  H (1.32 meters).  I n  the  
remaining ca lcu la t ions ,  z was s e t  equal  t o  2 meters. Concentrations 
downwind from hor izonta l  j e t s  tend t o  very inverse ly  with the  wind speed 
; because or i n  Equation (2-9) increases  with increasing wind speed. 
Concentrations d o m i n d  from v e r t i c a l l y  o r i en t ed  j e t s  tend t o  vary 
d i r e c t l y  with wind speed because plume r i s e  decreases with increasing 
wind speed. For these  reasons, u was set equal t o  1 meter per  second 
f o r  ca lcu la t ions  of xcrit downwind from t h e  T / ~ c o u s t i c  F a c i l i t y  and 
MHGF acd equal t o  10 meters per  second f o r  t h e  ca lcu la t ions  of 
xcrit 
downwind from the LRLF. The turbulence parameters and a; were 
s e t  equai t o  0.08727 radians (5 degrees) i n  t h e  ca lcu la t ions  t o  take 
account of the turbulence induced by t h e  bui ldings associated with the 
three f a c i l i t i e s .  
The values of the  hazard d i s t ance  ca lcu la ted  f o r  the  chemical 
cons t i tuents  of emissions from the  exhaust duct  a t  the MHGF a r e  given 
i n  Table 2-6. The l a r g e s t  ca lcu la ted  va lue  f o r  xcrit of 118 meters 
occurs f o r  the phosgene (COC12) component of the  f u e l  texthane. It 
should be noted t h a t  no c r e d i t  has been taken i n  the ca lcu la t ion  f o r  any 
increase  i n  the height  of t h e  e x h w s t  plume due t o  thermal buoyancy. 
The calculated d is tances  m y  therefore be overestimates.  
Similar ca l cu la t ions  made f o r  the  a acoustic F a c i l i t y  and LRLF 
showed t h a t  near ground-level concentrat ions of the  exhaust gas cons t i t -  
uents a r e  always below the thr?shold  hazard concentrations.  
CALCULATED CRITICAL DISTANCES FROH THE EXHAUST DUCT OF THE MHCF 
r3B THE cHE!4ICAL CONSTITUEXTS OF THE VARIOUS FUELS 
SECTION 3 
VAPORIZATION OF OXYGEN VENTED DURING LATJNCH OPERATIONS 
Estimates of the time required f o r  l iqu id  oxyg2n t o  evaporate 
a f t e r  venting from LOX tanks during launch operations w e r e  made f o r  
EISFC. The evaporation rate f o r  l iquid  drops depends pr inc ipal ly  on ths  
r a t e  a t  which heat  from the surrounding environment is absorbed by the  
drops. The r a t e  of decrease i n  the drop diameter D caused by evap- 
P 
oration, according t o  Fuchs (1959), is given by the expression 
where 
M = molecular weight of the evaporating vapor 
v 
Mm = mean molecular wzight of resul t ing  vapor-air 
mixture 
Dv = molecular d i f f u s i v i t y  of evaporating vapor i n  a i r  
'a 
= density of a i r  
P~ = density of l iquid  
Ap = vapor presstlre of evaporating l iquid a t  the droplet 
surface minus the vapoz pressure i n  ambient a i r  
p = air p a r t i a l  pressure 
Sc = Schmidt rider 
''a 
+ absolute viscosity of air 
R e  = Reynolds amber 
Vt = termiaal ve loci ty  of the  f a l l i n g  drop 
To determine the  time required for. the  drop t o  evaporate, Equation (3-1) must 
be integrated over a l l  drop diameters D' of the  l iqu id  oxygen ranging frola 
P 
the  i n i t i a l  diameter at venting t o  zero when the  drop is fully evaporatrbd. 
Since rhe Reynolds number and terminal velocity of the  drop a r e  functions 
of the drop G i a r ~ e t ~ r ,  the in teg ra l  is not  easily evaluated. To avoid a 
time consuming numerical integrat ion,  the  Reynolds num5er. Re,  uas approxi- 
mated and taken t o  be e o n s t w t  during t h e  evaporation period. When Re is 
held constant,  the in teg ra l  of Equation (3-1) yie lds  the following expression 
for time required f o r  the drop t o  evaporate 
where 
- 
D - average drop diameter used t o  deterniine she constant value 
P 
of Re 
Ye assumed the value of cp can be determined f roa  the expression 
Tzble 3-1 presents values of the paraneters i n  Eguation (3-4) w e  
have used t o  solve f o r  the evaporation time of drons with diameters of 1, 1.5 
and 3 mm. Since water drops with liameters grea ter  than about 3 mm quickly 
break up i n t o  smaller drops and l iquid  oxygen has a v iscos i ty  about one- 
f i f t h  that  of water, w e  have assumed tha t  the drops of l iquid  oxygen w i l l  
a l s o  not be la rger  than about 3 mm. The r e s u l t s  of the calculzt ions a r e  
show i n  Table 3-2, along with the average drop diameters from Equatior. (3-5) 
and the values of Vt correspocding t o  these average diameters calculated 
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ESTLHATES OF DOWNWIND COFCEXTRATIONS FOR SPACE SHUTnE ORBITER 
m G E N C Y  LANDINGS AT WHITESANDS MISSILE RANGE 
Hazard calctilations were made ior a nypothetical crash of :he 
Space Shuttle Orbiter during an emergency landing at White Sands Mssile 
Range. The model calculations were performed using a slightly modified 
version of a computer program developed f3r Dugway Prwing Ground (Bjorklund 
and Dumbauld, 1977) and meteorological data based on a previous study we 
completed for White Sands Missile Range (Dumbauld and Bjorklund, 1977). 
Details of the calculations and their results are described below. 
The peak centerline concentration dounwind from an instantaneous 
source can be expressed as the product of two terns: 
Peak Centerline Concentration = {peak Concentration  em) 
{vertical  em) 
The Peak Concentration Term is defined by the expression 
where 
K = parameter used to convert inputs into dlmensionally 
consistent units 
Q = total source strength 
Ox = standard deviation of the alongttind distribution of 
materials 
2 1 
PRECEDING PAGE BLANK m)T FKMED 
a = standard deviatiou of the crossvind distribution of 
Y 
material 
('Z = standard deviation of the vertical discribution of 
material 
The Vertical Term is given by the expression 
fi = fraction of the total source strength comprised of material 
in the ith sire category 
Yi = fraction of material in the ith size category reflected at 
the grouad surface (1 for complete reflection andofor no 
reflection) 
Hn = depth of the surface mixing layer 
H = effective source height 
z = height above ground 
' s  i = gravitational settling velocity ol the ith sire category 
x = distance from the source 
- 
u = mean wind speed in the layer containing the cloud 
0 For ccnVeni~nce i n  writing Equation ( 4 - 3 ) ,  0 (zero to the ee-o pwer) is 
defined to be equal to  unity. Inspection of Equation (4-3) shows tbat the 
Vertical Term accounts for cloud depletion due to gravitational se t t l ing  
> 0) and due t o  retention of r t e r i a l  a t  the surface (yi < 1) .  
The standard deviation of the vertical  distribution of neter ia l  
is given by the expression 
where 
a' = st-ndsrd deviation of the elevation wind angle in radians E 
x = distance over which rectilinear vertical cloud expansion 
r z 
occurs do~mwind from an ides1 point source 
B = vertical diffusion coefficient 
x = vertical virtual distance 
z 
0 = standard deviation of the vertical concentration distribution 
z R 
at a distance x downwind from the source Pz 
The standard deviation of alongwind concentration distribution 
is given by the expression 
2 1 /2 
where 
L ~ X }  = alons~ind cloud length at distance x from the source 
A: = vertical wind-speed shear in the layer containing the cloud 
a = standard deviation of the alongwind concentration distribution 
XO 
at the source 
- 
u = mean wind speed at the reference height z R R 
p = wind profile power-law exponent 
* 2 = effective upper hound of the cloud 
z1 = effective lower bound of the cloud 
It should be noted that the factor 0.6 appearing in Equatiorl (4-7) is based on 
theoretical work by Tyldesly and Wallington (1965) and measurements from 
recent experiments at Dugway and other locations. 
The standard deviation qf the crosswind distribution of material 
is given by the expression 
where 
a;{r} = standard deviation of the azlmuth wind angle in radians 
measured over the source emission time T 
where 
1/5 
; 1 C to 5 600 seconds 
a 0  standard deviation of the azimuth wind angle in radians in 
the surface mixing layer aeasured over the reierence time T 
0 
x = distance over which rectilinear crosswind cloud expansion 
rY 
occurs downwind from the virtual point source 
a = crosswind diffusion coefficient 
x = crosswind virtual distance 
Y 
a = standard deviation of the crosswind concentration distribution 
YR 
at a distance 
%Y 
downw3.nd from the source 
A9' = azimuth wind direction shear in radians within the layer con- 
taining the cloud 
Ad 
- = rate change of wind direction in degrees with height in the Az 
surface mixing layer where At3 is positive in the clockwise 
sense 
Peak c e n t e r l i n e  time-average concen t ra t ion3  are ob ta ined  by mul t i -  
p l y i n g  Equation (4-1) by t h e  express ion  
where 
Ta = averaging t i m e  i n  seconds 
Source Model I n p u t s  
Source i n p u t s  used i n  t h e  model c a l c u l a t i o r ~ s  a r e  shown i n  Table 
( 4 1 ) .  The source  s t r e n g t h s  Q shown i n  t h e  t a b l e  were supp l i ed  by MSFC. 
The va lues  of E a r e  used t o  conver t  t h e  source  s t r e n g t h  t o  cub ic  cen t ime te r s  
of g3s a t  STP under t h e  assumption t h a t  t h e  p o l l u t a n t s  w i l l  behave a s  i d e a l  
gases.  T!~ese source  s t r e n g t h s ,  when used i n  t h e  models desc r ibed  above, w i l l  
t hus  y i e l d  c o n c e n t r a t i o r , ~  i n  u n i t s  of p a r t s  per m i l l i o n  p a r t s  of a i r  (ppm) 
a t  STP. A t  t h e  sugges t ion  of MSFC, t h e  source  dimensions a zR' a yR and 
a were calculated from t h e  express ion  
S O  
1 / 3 
' = '  = 
zR yR 'xo = (g) 
where = t o t a l  volume o f  gases  comprising t h e  source  i n  cubic  meters 
and under the  assumption t h a t  one s t andard  d e v i a t i o n  of t h e  source  d i s t r i b u -  
t i o n  is equa l  t o  t h e  r a d i u s  of a sphere  c o n t a i n i n g  t h e  r e l e a s e d  gases .  Also 
a t  the  suggcst iun of MSFC, t h e  he igh t  of th,. r e l e a s e  was set equa l  t o  
twice thc  v e r t i c a l  source  dimension. The n e t  e f f e c t  of these  assumptions is 
t o  mas imize  ttle ground-level  concen t ra t  i o n s  downwind from t h e  source ,  because 
i t  is l i k e l y  t h a t  any acc iden t  i n  w h i c l ~  t h e s e  f u c l s  vcre r e l e a s e d  would 
r e s u l t  i n  a f i r e  and buoyant r i s e  of the  combustior ~ r a d u c t s  and thus  reduced 
s u r f a c e  concen t ra t ions .  The source  emiss ion time T was s e t  t o  2.5 seconds.  
Also,  because the  pol  l t ~ t a n t s  a r e  gaseous,  the s e t t l i n g  vc loc  1 t i e s  i' weid 
s i 













x = x (m) 
ry r z  
(m) 
T ( s )  
' i 
Y i 
*s i (rn 
The meteorological i n r u t s  f o r  nighttime and daytime accidents  
shown i n  Table 4-2 *re se l ec t ed  f r a  d ispers ion  model inputs  suggested 
f o r  use a t  White Sands Missile Range (WSPIR) by Dumbauld and Bjorklund (1977) 
and are based on measurements iaade at WSm. The mixing depths Em repre- 
s en t  m i n i m u a  values wasu red  a t  WSWR during daytime and nighttime hours 
(see Table 3-1, Dumbauld and Bjorklund, 1977). The values of a' a' and A' E 
p shown i n  Table 4-2 are a l s o  based on measurements a t  WSMR and have 
been se lec ted  from Tables 3-4 and 3-5 of the report by Dumbauld and Bjorklund 
(1977). The nighttime values are f o r  net r ad ia t ion  ind ices  of -1 and -2 
and the daytime values a r e  f o r  a n e t  r ad i a t ion  index of +l. Thus, t h e  
se lec ted  inputs  represent  poor d ispers ion  condit ions which are intended 
t o  maximize ground-level concentrations.  The lateral a and v e r t i c a l  i3 
dispersion coeff.'.cients f o r  instantaneous sources were s e t  to  unity i n  the  
calculat ions.  F ica l ly ,  the  wind d i r ec t ion  shear  term A8/E has be6n set 
t o  zero t o  =imize c ~ n = e i l t r a t i a n s  downwind from the  source. 
Results of t he  Calculat ions 
The r e s u l t s  of the c z l c u l a t i o n ~  a r e  shown i n  Figures 4-1 through 
4-8. Fig-ire 4-1 shows daytime and nighttime peak cen te r l i ne  mcnomethyl- 
hydrazine concentrations downwind from the hypothet ical  Orbi te r  acc ide t t  
a t  'rTS?lR and Figure 4-2 shows the peak cen te r l i ne  ten-minute average con- 
centrat ions.  A s  might be expected, the peak cen te r l i ne  r ~ n c e n t r a t i o n s  a r e  
much grea te r  than the peak cen te r l i ne  ten-minute average concentrations 
near the source where the cloud passage time is sho r t e r  than the ten-minute? 
averaging ti*. A s  the cloud g r a r s  a l o n g ~ i n d  with increasing t r a v e l  dis-  
tance from the source, the  peak-centerline ten-minute average concentrations 
becoine more nearly equal t o  the peak cen te r l i ne  concentrations.  Figure 
4-3 through 4-6 show s imi l a r  p r o f i l e s  f o r  the remaining pol lu tan ts .  
TABLE 4-2 
~EOR0UK;IcAL INWTS 





~ p ( m s l ;  5 - 2 3  
P 
u ' (radians ) B 






30 I 200 
2 I 4 
.25 -17  
.0506 1 -9524 
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6 1 D:tytime and nightt ine peak centerl ine raonomethylhydrazine 
concentrations (ppn) d m - v i n d  from a hypothetical Orbiter 
accident at White Sands Missi le  Range. 
DOWNWIND DISTANCE (km) 
FTGUFE 4-2. Daytime and nighttime peak centerline ten-minute average monomethyl- 
hydrazine concentrations (ppm) d m w i n d  from 3 hypothetical Orbiter 
accident at Kni te Sands Missile Range. 
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FICL?RE 4 - 3 .  Daytime and nighttime peak centerline hydrazine concentrations 
(ppm) downwind from a hypothetical Orbiter crccid~nt at ILl~ite 
Sands Missile Range. 
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FICCKE C-4. Daytime and nighttime peak centerline ten-minute average hydrazine 
concentrations (ppm) downwind from a hypothe t i ca l  Orbiter accident 
at White Sands HissiZe Range. 
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:w 4-5.  Daytine and nighttime peak centcrline nitrogen tctraoside concca- 
trations ( p p m )  dwnwind from a hypothetical Orbiter accident at 
k%ite Sands Missile Range. 
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FIGURE 4-6. Daytime and nighttime peak centerline ten-minute average nitrogen 
tetraoxide concentrations (ppm) downwind from a hypothetical 
Orbiter accident at White Sands Hissile Range. 
DOWNWIND DISTANCE (km) 
FIGURE 4-7. Daytime and nighttime ~ e a k  centerline ammonia concentrations (ppm) 
downwind from a hypothetical Orbiter accident at White Sands 
Missile Range. 
DOWNWIND DISTANCE (km) 
FIGURE 4 -8. Daytime and nighttime peak c e n t e r f i n e  ten-minute average amonia  
concentrat ions  (ppm) dc~wnwind from a hypothet ical  Orbi t c r  accident 
a t  White Sands M i s s i l e  Range. 
SECTIOG 5 
ESTIXATES OF DOWNWIND CONCEXTRATIONS FOR SPACE SHUTTLE ORRITER 
EMERGENCY LANDINGS AT KENNEDY SPACE CENTER 
Hazard c a l c u l a t i o n s ,  similar t o  those  d i s c r i b e d  i n  Sec t ion  4 
above, were a l s o  made f o r  O r b i t e r  emergency landings  a t  KSS using t h e  
d i s p e r s i o n  model desc r ibed  i n  S e c t i o n  4. 
Source Model Inpu ts  
Source i n p u t s  used i n  t h e  model c a l c u l a t i o n s  f o r  an  O r b i t e r  
emergency landing a t  KSC are shown i n  Table  5-1. The source  s t r e n g t h s  
Q shown i n  t h e  t a b l e  were supp l ied  by MSFC. The remaining source  para- 
meters  were der ived us ing t h e  procedures o u t l i n e d  above i n  Sect ion 4. 
Meteorological  I n p u t s  
The meteorological  i n p u t s  for  t h r e e  atmospheric s t a b i l i t y  ca te -  
g o r i e s  at KSC s e l e c t e d  f o r  use i n  t h i s  s t u d y  a r e  shown i n  Table 5-2. The 
va lues  of t h e  mising depths  H shown i n  t h e  t a b l e  were s e l e c t e d  by reviewing 
m 
raqinsonde d a t a  presented i n  a s e r i e s  of r e p o r t s  by Stephens,  Hickey and 
Greens ( f o r  example, see Stephens,  Hickey and Greene, 1978). The v a l u e s  
of H i n  t h e  t a b l e  a r e  some of t h e  lowest  v a l u e s  fcund i n  reviewing t h e  
m 
rawinsonde d a t a  f o r  t h e  s e l e c t e d  atmospheric cond i t ions  and a r e  in tended 
t o  masimise ground-level concen t ra t ions  a t  t h e  longer  d i s t a n c e s  from t h e  
acc iden t .  Thc va lues  o f  t h e  wind speed u , power-law c o e f f i c i e n t  p,  and R 
s t andard  d e v i a t i o n s  a' and 0; shown i n  Table  5-2 a l s o  represen t  ppor d i s -  A 
pers ion  cond i t ions  f o r  t h e  s e l e c t e d  atmospheric s t a b i l i t y  categories ( see  
Table 5-1, Dumbauld, Bjorklund, Crruner and Record, 1970). The l a t e r a l  a 
and v e r t i c a l  6 d i s p c r s i o n  coeff ic? .ents  f o r  ins tan taneous  sources  were 
set equal  t o  u n i t y  i n  t h e  c a l r a l a t i o n s .  F i n a l l y ,  t h e  wind d i r e c t i o n  s h e a r  
term h0/hz was s e t  t o  ze ro  t o  maximize concen t ra t ions  downwind from t h e  




Q (lbs) Monomethylhydrazine 
Hydrazine 
Nitrogen Tetraoxide 






























Results of the  Calculations 
The r e s u l t s  of the  ca lcu la t ions  a r e  presented i n  Figure 5-1 
through 5-6. Figure 5-1 shows peak cen te l l i ne  concen t r a thns  of monomethyl- 
hydrai ine ( so l id  l i n e ) ,  ni t rogen te t raoxide  (dashed l i n e )  and hydrazine 
(dotted l i n e )  donwwind from the hypothet icai  Orbi te r  accident a t  KSC f o r  
s t a b l e  atmospheric condit ions.  Figure 5-2 shows the  peek cen te r l i ne  ten- 
minute average concentrations f o r  t he  same po l lu t an t s  and s t a b l e  atmospheric 
conditions.  A s  might be expected, the  peak center? ine  concentrat ions 
a r e  much g r e a t e r  than tho peak cen te r l i ne  ten-minute average concentrat ions 
near the  source where the cloud passage time is s h r r t e r  than the  ten-minute 
averaging time. As t h e  cloud grows alongwind with increasing t r a v e l  d i s -  
tance from the  source, the  peak cen te r l i ne  ten-minute average concentrat icns 
ber3me more nearly equal  t o  the  peak cen te r l i ne  concentrations.  Figures 
5-3 and 5-4 show s imi l a r  p r o f i l e s  f o r  neu t r a l  atmospheric condit ions and 
Figures 5-5 and 5-6 a r e  for unstable  atmospheric conditions.  
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DOWNWIND DISTANCE (km) 
RE 5-1. Peak centerline concentrations (ppm) of monornethylhydrazine 
(solid line!, nitrogen tetraoxide (dashed line) and hydrazine 
(dotted line) downwind from a hypothetical Orbiter accident at 
Kennedy Space Center in staole atmospheric conditions. 
DOWNWIND DISTANCE (km) 
FIGERE 5- 2. Peak centerl ine ten-minute average concentrations (ppm) o f  
mnomethylhydrazine ( so l id  l i n e ) ,  nitrogen tetraoxide (dashed 
l i n e )  and hydrazine (dotted l i n e )  downwind from a hypothetical 
Orbiter accident a t  Kennedy Space Center i n  s table  atmospheric 
cond i t ions.  
44 
DOWNIVIND DISTANCE (km) 
FIGURE 5-3 .  Peak centerline concentrations (ppm) of mnomethylhydrazine 
(solid line), nitrogen cetraoxide (dashed line) and hydrazine 
(dotted line) downwind fro& a hypothetical Orbiter accident at 
Kennedy Space Center in neutral atmospheric conditions. 
DOWNWIND DISTANCE (km) 
FIGURE 5-4. Peak centerline ten-minute average concentrations (ppm) of morro- 
methylhydratine (solid line), nitrogen tetraoxide (dashed line) 
and hydrazine (dotted line) dounwind from a hypothetical Orbiter 
accident at Kennedy Space Center in neutral atkspheric conditions. 
. . - . , . . . 
DOWNWIND DISTANCE (km) 
: 5-5. Peak centerline concentrations (ppm) of monomethylhyarazine 
(solid line), nitrogen tetraoxide (dashed line) and iiydrazine 
(dotted line) d m v i n d  from a hypothetical Orbiter accident at 
Zennedy Space Center in unstable atmospheric conditions. 
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COWNWIND DISTANCE (km) 
5-6. Peak centerline ten-minute average concentrations (ppm) of mono- 
wthylhyarazine (solid line), nitrogen tetraoxide (dashed line) 
and hydrazine (dotted line downwind from a hypothetical Orbiter 




R C ~  CoBIcmunm DCBMIIND Irllm ACCXD~TAL sm IGNITION 
IN THE VAB AT KMNEDP SPACE CENTER 
A preliminary analys is  of HCl concentratioas rlarnvlnd f r a  t he  
VAB has been made for the foUoving four types of postulated accidents: 
Type I - Ignit ion of a s ingle ,  plugged, center seg- 
ment i n  High Bay 4 with t h e  High Bay doors closed 
e Type 11 -- Igni t ion  of a single,  plugged, center 
segment i n  High Bay 4 with the  Higb Bay doors 50 
percent open 
a Type 111 - Igni t ion  of a three  stack (2 center, 1 
a f t )  group (unplugged) on the  H I 2  in High Bay 3 with 
t h e  High Bay doors closed 
Type IV - Ign i t ion  of a three  s t ack  (2 center,  1 a f t )  
group (unplugged) on the i n  High Bay 3 with the  
High Bay doors 50 percent open 
The source information fo r  these four types of accidents was 
calculated f o r  D r .  h l l e r  by D r .  Seniss, PRC System Services Company. 
Table 6-1 shovs the paraneters derived by D r .  Bemiss t h a t  are required f o r  
calculat ing HCI concentrations dovmind frors the VAB- 
Cloud Rise Calcu1atior.s 
According t o  the guidel ines published by the  ASME (Smith, 1968) 
a cloud rise exceeding 1.5 tfares the building height would r e s u l t  i n  a cloud 





T q a a t u r e  (OC) 
Gas exit Volume 
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reduce grotmd-level concentration levels close to the source. For this 
reason, we have used the source infozmatloa in  Table 6-1 to calculate 
cloud rise for the four types of accidents outline above. 
For the putposes of this study, c l o d  rise is calculated from 
the following expression (Briggs, 197 1) for atmospheres with potsntial 
temperature gradients greater than zero: 
where 
Ah = cloud r i se  
g = acceleration due t o  gravity 
A = exit area of the gas cloud 
Y = gas exit velocity 
Ta = ambient afr temperature 
T = gas exit  temperature 
S 
ae 
- = v e r t i c a l  po ten t i a l  temperature gradient  a~ 
y = entrainment coeff ic ient  
f = correct ion fac to r  l imi t ing  cloud rise as the  mean wind 
speed at s tack  height approaches o r  exceeds the  exit 
ve loci ty  w 
- 
u{hf = mean wind speed a t  the  building height h 
- 
u{2m) = mean wind speed at a height of 2 meters in  an area  not 
influenced by t h e  bullding 
p = wind power-law coeff ic ient  
The source and meteirological parameters required t o  ca lcula te  
cloud r i s e  using Equation 6-1 are respectively shown i n  Tables 6-2 and 
6-3. The area A shown i n  Table 6-2 is f o r  4 roof ven t i l a to r s  commonly 
found i n  a nrouo on the  roof of the  VAB. Inswc t ion  of Eauation 6-1 
shows t ha t  the  cloud r i s e  increases a s  the  value of A increases, i f  a l l  
o ther  parameters a re  held constant. Since we wished to  aake conservative 
estimates of cloud rise, we selected the area of 4 ven t i l a to r s  a s  a minimm 
TABLE 6-2 
SOURCE P- FOR CALCULATING 
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area through which the e x i t  velocity w vas equivalent t o  the  value a h m  
i n  t h e  table .  The value of 0.66 for y is the value  suggested by Briggs 
(1972) for stacks. We made cloud-rise ca l cu la t ions  for th ree  nominal 2 l a e t e r  
wind speeds, as shown i n  Table 6-3. Values o f  a8/8 t  sad p were assigned 
t o  these mean vind speeds on the  basis of previous experience and tmowledge 
of l~e t eo ro log ica l  twer measurements mads a t  KSC. 
The r e s u l t s  of t he  cloud-rise ca l cu la t ions  are given i n  Table 6-4 
and show zero cloud rise is ca lcu la ted  f o r  Type It accidents ,  f o r  Type I 
accidents  wi th  mean wind speeds of 2 and 4 meters per second and f o r  Type 
I V  acc idents  with a mean vind speed of 4 meters per  second. However, 
none of t h e  cloud rise values ca lcu la ted  f o r  t h e  o the r  cases  r e s u l t s  i n  
a cloud s t a b i l i z a t i ~ n  height  g rea t e r  than 2.5 times the  bui lding height  
(400 m) which is the  upper boundary of t h e  region of dis turbed flow as 
spec i f i ed  i n  t h e  ASHE guidel ines .  It should be  noted t h a t  i f  w e  asswnea 
t h e  e x i t  ve loc i ty  t o  apply to a l a r g e r  cross-sect ional  area o r  considered 
t h e  enhancement of plume rise due t o  t he  combining of plumes from o the r  
groups of vents  (see Briggs, 1974) ,  w e  could have ca lcu la ted  s t a b i l i z a t i o n  
he ights  g rea t e r  than 400 meters f o r  some cases. However, because of 
t h e  unce r t a in t i e s  assoc ia ted  wi th  these  plume-rise ca lcu la t ions  and t o  
preclude overestimates of the  hazard d is tances ,  we have included bui lding 
wake e f f e c t s  i n  a l l  the  model ca lcu la t ions .  
Building Wake Ef fec t s  
To our  knowledge, t he  bes t  q u a n t i t a t i v e  descr ip t ion  of bui lding 
wake e f f e c t s  on concentration pa t t e rns  downwind from bui ldings is provided 
by wind-tunnel t e s t s  ~onducted by EPA (~hompson and Lombardi, 1977). The 
r e s u l t s  of t h e  EPA study a r e  very s imi l a r  t o  r e s u l t s  reported by Robins 
and Castro (1977a, 1977b). The VAB building dimensions provided by 
D r .  Koller (h = lGOm,  w = 156m, d = 127111) show t h a t  t he  VAB b u i l d i n g  
is  approximately cubical .  Therefore, we have use of the r e s u l t s  presented 
by Thompson and Lombardi f o r  a cubica l  bui lding t o  evaluate  the wake e f f e c t s  
TABLE 6-4 
UCULATED CLOUD RISE (LVI) AND nouD STABILIZATION HEIGHT (h + AN 
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of t he  VAB bui lding wi th  the  wind d i r ec t ion  a t  a 45-degree angle t o  a build- 
ing vall ( t h e i r  Case 2). This wind d i r ec t ion  produce; t he  highest  ground- 
level concent ra t i  ons dounwind f ram a cubica l  building. 
As explained below, we used t h e  da t a  f o r  Case 2 i n  t he  Thompson 
and Lombardi repor t  t o  develop the  model source inputs  and the  l a t e r a l  
and vertical d ispers ion  coef f ic ien ta  t o  b e  used i n  our  model ca lcu la t ions .  
The wind-tunnel measurements of v e r t i c a l  concentration p r o f i l e s  f o r  Case 
2 (see Figure 12 on page 22 of t he  Thompson and Lombardi repor t )  show t h a t  
t h e  plume cen te r l i ne  is brought t o  t he  ground by the  bui lding wake circu-  
l a t i o n  a t  a d is tznce  of three  t o  f i v e  bui ld ing  heights .  To s implify our 
model ca lcu la t ions ,  w e  assumed a ground-level source located a t  t h e  base 
of t h e  VAB building wi th  an i n i t i a l  v e r t i c a l  dimension (2.15 ozR) given 
by t h e  height  of t he  VAB building and an  i n i t i a l  l a t e r a l  dimension ( h . 3 0  
a ) given by the  diagonal of t h e  hor izonta l  c ross  s ec t ion  of t h e  VAB 
YR 
building. Values f o r  t he  l a t e r a l  and v e r t i c a l  turbulent  i n t e n s i t i e s  t o  
be used i n  t he  model ca lcu la t ions  were se lec ted  by a cut-and-try procedure 
where t h e  objec t ive  was t o  obtain a normalized ground-level concentration 
p r o f i l e  from the  model ca lcu la t ions ,  using t h e  above source parameter; i n  
our quasi-continuous dispersion model described below, t h a t  matched the  
non, S i zed  ground-level concentration p r o f i l e  f o r  Case 2 a t  d is tances  
from 5 t o  20 bui lding heights.  Using the  source parameters described 
above, with the l a t e r a l  and v e r t i c a l  dispersion coef f ic ien t ,  thus deter-  
mined i n  the  quasi-continuo*ls dispersion model, we were a l s o  able t o  ca l -  
c u l a t e  v e r t i c a l  concentration p r o f i l e s  a t  d i s tances  of 5 and 8 bui lding 
!,eights and a l a t e r a l  cmcen t r a t ion  p r o f i l e  a t  a d is tance  of 5 bu i ld ins  
heights  which were i n  good agreement with the  corresponding measurements 
presented by Thompson and Lombardi (see Figures  11 and 13 i n  t h e i r  repor t )  
f o r  Case 2. 
Q *asi-Continuous Source nodel  
The Guassian model f o r  a quasi-continuous source emit t ing 2 t  a 
constant r a t e  over t h e  time t is given by t he  expression B 
where 
Q = source emission rate 
= st.uldard deviation of the crosswind concentration distribu- 
' tion 
0; = standard deviation of the wind azimuth angle i n  radians 
x = dountiind distance from the source 
x = crosswi;:d virtual distance 
Y 
a = crosswhd d iapers ioa  coe f f i c i ea t  
xu = dis tance  over which r e c t i l i n e a r  crosswind cloud expan- 
. I 
s ion  occurs danwind from a v i r t u a l  point  source 
u = standard devia t ion  of  t h e  crossvind concentrat ion dis-  
yR t r i b u t i o n  at a dis tance  xp f o r e  the source 
U = standard devia t ioa  of t h e  v e r t i c a l  concentrat ion d i s t r i b -  
z 
ut  icn 
- a; (x + x,) 
cr; = standard deviat ion of the wind e leva t ion  angle i n  
radians 
x v e r t i c a l  v i r t u a l  d i s t a r c e  
2 
"ZR 
= standard deviat ion of the v e r t i c a l  concentrat ion dis-  
t r i b u t i o n  at x R 
- 
u = mean wind speed 
- 
y( * uo wind speed at the reference heaght % 
p = d a d  p r o f i l e  pauer-lau exponent 
zl  = effective lower bomd of the cloud 
z = effective upper bound of the cloud 2 
y = crosswind dist.mce from the cloud centerline 
H = depth of the  surface mixing layer 
m 
ii = effective heigkt of the source above ground level 
= h + , \ h  
h = a c t u a l  source height  above g r o d  level 
Ah - c l d  rise 
z = height above ground level 
t = tiae a f t e r  r e l ea se  begins at the  top  of  t h e  roof 
tg - source a i s s i o m  t h e  
"x 
- standard devia t ion  of t h e  alaagvind concentration dis-  
tr ibut  ion  
= v e r t i c a l  wind-speed shear  i n  t he  layer  containing the 
cloud 
Ox0 
= standard deviat ion of the a l o n p i n d  cloud d i s t r i b u t i o n  
a t  t he  source 
Source and Meteorological Inputs f o r  
t he  C.~ncentration Calculat ions 
TF.0 qpt.yr; 1- 3 - . - 
--. - . .. . . . 
. : - , 1  I --. 
- - .. - _ _ I  . I- concentration 
model given by Equation (6-0) a r e  presented i n  Tables 6-5 and 6-6. The 
TABLE 6-5 
SOURCE IHPVLS POR lUE ~ ~ T X O N  CALCULATIONS 
TXsLE b-6 
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source eafssion rates i n  Table 6-5 were obtained by assuming t h a t  1 kilogram 
per cllbic meter of EC1 at a pressure of 1013.2 mil l iba r s  m d  t v a t u r e  
5 
of 25' Celsius is equivalent to 6.7058 r 10 parts of KC1 per millioa parts 
of air and then miltiplying by the EC1 emission rates speci f ied  by KSC 
(see Table 6-1). The source emission t h s  tg were a l s o  speci f ied  by KSC. 
A s  noted earlier, w determined from an analys is  of the  mea- 
surements presented by Thompson and Loebardi (1977) f o r  a cubical  building 
oriented at  a 45-degree angle t o  the  mean wind d i rec t ion  t h a t  the  normal- 
ized concentration p r o f i l e  at distances beyond 5 building heights  was bes t  
represented by assuming a virtual -lure source located at ground-level 
(*O). This ass l rp t ion  w a s  a l s o  found by Robins and Castro (1977b) t o  
apply t o  t h e i r  wind-tunnel cmcentra t ion  measurements. The lateral and 
alonguiad source dimensions yYg and oxo w e r e  both set equal t o  the  diag- 
onal length of the  building (201 meters) divided 5y 4.3 under the  assump- 
t i o n  tha t  the  crosswind and alongvind concentration d i s t r ibu t ions  at  the  
source w e r e  Gaussian. Because the  source is located a t  ground-level, t he  
v e r t i c a l  source dinension uzR w a s  set equal t o  t h e  building height h 
divided by 2.15 which follows from the assmiption t h a t  the  v e r t i c a l  ccm- 
centrat ion d is t r ibut ion  is a l s o  Gaussian. P in t l ly  because the  source 
dinension w e r e  defined a t  the  danarind base of the Suilding, the  reference 
distance w a s  set to zero. 
"R 
Table 6-6 shuws the values f o r  the  l a t e r a l  dispersion coeff ic ient  
a' and the v e r t i c a l  dispersion coeff ic ient  0; obtained frm the cut-and- A 
t r y  procedure using the dispersion m d e l  given by Equation 6-6 with the  
above source parameters, t o  ca lcula te  noraralized concentrations equal t o  
the normalized concentrations given by Thompson and Lombardi for  Case 2 ,r 
dovmrind disc-?ces of 5 t o  20 building heights. Also, the 2-meter wind 
speeds and ..ie power-law coeff ic ients  i n  Table 6-6 are :5e saare as  those 
&~sed i n  the cloud-rise calculat ions described earlier. Values f o r  the  
dep:h of the  surface mixing layer Ha shown i n  Table 6-6 a r e  estimates 
we  believe t o  be representat ive of conditions a t  KSC fo r  the three mean 
wind speeds. 
Results of the Calculations 
Figures 6-1 through 6-4 show the  calculated ground-level concen- 
t r a t ions  downwind from the  VAB f o r  the  four tppes of postulated accidents 
during very l i g h t ,  l i g h t  and roderate wind speeds. 
T t e  r e s u l t s  of the  concentration calculat ions are srrparized in 
Table 6-7. The BC1 conceptration occurs i~ every case at 275 t o  
300 reters downwid f r m  tb VAB. Inspeetian of Table 6-7 shovs tha t  
ground-level emcentrat ions are greates t ,  as expected, f o r  Type I V  acci- 
dents. Under very l i g h t  wind speeds, HC1 concentratioas above 100 ppm 
extecd t o  a distance of about 4 kila~eters dcrvnvind froar the  VAB arrd con- 
centrat ions above 5 ppm extend t o  a distance of about 18 kilometers d m -  
d n d  f r a  tbe VAB. 
We also calculated time concentration p rof i l e s  fo r  those cases 
i n  which the  HC1 concentration exceeded 100 p p  a t  distances greater  than 
800 meters fram the VAB. In  each of these cases, the time p r o f i l e  was 
calculated at the approximate distance vhiare the HC1 concentration was 
equal t o  100 ppm. The r e s u l t s  a r e  shown i-r. Ffgure 6-5 through 6-10. 
Figure 6-5 s h w s ,  for  example, the  t i m e  concentration prof51e a t  a distance 
of 3000 peters from the VAE f o r  a Type I11 accident under very l i g h t  wind 
s?eeds. A t  t h i s  distance, the  HC1 concentration exeeeds 5 ppm a t  16.2 
minutes a f t e r  the  cloud starts t o  e x i t  the root  v a t s  and remains above 
5 ppm u n t i l  38.2 minutes a f t e r  the cloud s t a r t s  t o  e x i t  the  roof vents. 
Figure 6-11 i l l u s t r a t e s  the e f f e c t  on the calculated ground-level 
HCl concentrations of including plume rise and neglecting building wake 
e f fec t s  for  a Type IV accident under l i g h t  viqd speeds. As shown ir: the  
f igure,  the maximum HCl concentration is  reduced i n  magnitude from 1046 
ppm t o  40 ppm and the distance t o  the maximum is increased from about 275 
meters to 3.3 kilometers i f  building wake e f f e c t s  a r e  neglected. The thres  
hold distance t o  an HCI -3ncentration of 5 ppm is app-aximately 20 kilo- 
meters i n  both cases. 
DOWNWIND DISTANCE (km) 
FIGURE 6-1. Ground-level HC1 concentrations downwind from the VAB for a Type 
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TABLE 6-7 
WIMM HC1 CONC;. -T'R4TIaNS TERESliDLD DISTANCES TO HCl  
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6-11. Ground-level HC1 concentrat ions  downwind from the  VAB for a Type 
IV postulated accident  during l i g h t  winds. 
SECTION 7 
cALumnoNs OF xmmm ~ ~ T X Q W S  m w m  mm l l l ~  
ORBITER PROCESSING FACILI'LP EYPFII EHlAUST STACK 
Calculatioas of hazard distances for the release of hydratine 
frar the Orbiter Roccssing Faci l i ty  (OPF) Hyper Exhaust Stack vcre made 
using t k  quasi-continuous source rodel described above i n  Section 6. T b  
exhaust stac!. has a height of 18.3 meters and a diameter of 1.83 meters. 
3 -1 Tbe f lav  ra te  through the stack, supplied t o  us by FSFC, is 434.2 r s 
a t  a temperature of 23.89O~. According to  =PC, 1 liter of hydrarine is 
assumed to  be spilled. Since m evaporation r a t e  was supplied, we have 
made the assumption that  the 1 liter of hydrazilae is evaporated i n  1 second. 
Since the stack gases are  near ambient temperature, only mentum 
forces contribute significantly to  plume rise. Under t h i s  a s s q t i o n ,  the 
f ina l  rise of the plume (see Dumbauld, Bjorklund and Bowers, 1973, p. A-11, 
Equation A-44) is 
where 
- 1 
w = stack ex i t  velocity = 16.53 m s 
0 
r = stack ex i t  radius = 0.9144 m 
0 
y c = entrainment coefficient = 0.6 
s = s t ab i l i t y  parameter 
pRCEDlNG PAGE B U ~ (  WT
1 = absolu te  t t r p c r a t u r e  - 297.05% 
A@ = l apse  rate of  p o t e n t i a l  t-rature 
- 
A t  
- 
u = w h d  speed 
h = s t ack  he ight  + 18.3 r 
 or w o n t  case ctmiiti-. we set M ~ A Z  equal  t o  0 . 0 1 5 ~ ~  m-l and ii 
-1 
equal  t o  Z a s . Thtg, the plure from the OPF stack s t a b i l i z e s  a t  a 
height  of 51.74 reters and bur a radius r equal  t o  
A s  noted above, tbe quasi-coatinwus source model described i n  
Section 6 vas used t o  calculate c-centrations d d n d  frum the stack.  
The source inpu t s  based on the  above assumptions and required f o r  t he  
ca l cu la t ions  are given i n  Table 7-1. T t e  source dimensions ata. a and 
Y R 
u were ca lcu la ted  froa the qress ion  
XO 
The meteorological inputs  used in the @el ca lcu la t ions  a r e  shown i n  Table 
7-2. A nominal value for B of 300 meters was used i r  ci.11- ca lcu la t ions .  
a 
The value of the  wind pover-law coe f f i c i en t  p was set t a  zero. which means 
t h a t  the  wind s?eed of 2 m s-' is invar ian t  with he 31 . mder the worst- 




Q (a3 .-I) 
K 
0 (1) zR 
ayR (d 
(m) 
= X ~ z  (m) 
X = X (m) 

















- g (m s-'1 
P 
a; (radians) 
















the value of  aA was set equal t o  20 degrees (.3491 radians) and the 
value of u was set equal t o  uA{r-l s j ,  o r  5.56 degrees (.0971 radians) E 
t o  account fo r  the eahanced turbulence caused by the  VAB. 
The r e s u l t s  of the  ca lcu la t r ,ns  a r e  presented i n  Figure 7-1. The 
- 3 highest concentrairion of 1.7 x 10 ppr, N H occurs a t  a distance of WO 2 4 
meters downwind from the  stack, This concentration is w e l l  below the  
c r i t i c a l  l e v e l  of 3 p p  N H f o r  public and occupational emergency expo- 2 4 
su re  l i m i t s .  It should be noted tha t  the  concentration of N2H4 i n  the 
stack, 
3 1000 cm N2H4 per second 
3 = 2.3 ppm, 434.2 m per second 
is a lso  below the c r i t i c a l  exposure l fmi ts  even vhen the 1 l i t e r  of H2H4 
is released qver a I-second time period. Thus, these calculat ions show 
tha t  the release of 1 l i ter of N H through the OPF stack does not 2 4 
represent an exposure hazard. 
DOWNWIND DISTANCE (m) 
F I G U R E  7 - 1 .  Preliminary estimates of N,H4 concentrations a t  ground-level down- 
wind from the GPF Hyper Exfiaust Stack. 
SECTION 8 
P W  AND TIME-AVERAGE HC1 CONCENTRATIONS FROM 
ACCIDENTAL IGNITIONS OF SRM SEGMENTS 
I N  STORAGE AREAS 
Peak and time-average HC1 concentrations r e su l t i ng  from acc identa l  
i gn i t i ons  of SRM segments s tored  i n  open a reas  a t  Kennedy Space Center (KSC) 
have been ca lcu la ted  using a quasi-continuous source model f o r  time-average 
concentrations.  
The ca lcu la t ions  were performed f o r  var ious source configurat ions 
spec i f ied  by Dr .  Koller a t  KSC according t o  the  number of segments involved 
i n  the  conflagration. The t o t a l  s o l i d  f u e l  weight of the  4 segments com- 
pr i s ing  a s i n g l e  SRM a r e  shown i n  Table 8-1. Each segment is 12 f e e t  i n  
diameter. I n  t h e i r  s torage  configuration, the 4 segments f o r  SRM can 
be s tored  i n  a l i n e  with a separa t ion  d is tance  (center-to-center) of 34 f e e t .  
When SREl's a r e  s tored  i n  p a r a l l e l  l i n e s  with a s imi l a r  spacing between 
segments and a separa t ion  d i s t ance  (center-to-center) of 31 f e e t  between the  
two p a r a l l e l  l i n e s .  The burn configurat ions we have considered i n  t h e  
ca lcu la t ions  are shown i n  Table 8-2. In  addi t ion  t o  t he  Sky and 2 SLY configu- 
r a t i ons ,  w e  have considered 1 forward center  SRM s tored  alone and another 
configurat ion i n  which the 2 a f t  segments are s tored  separa te ly  from the  
o ther  6 segments when 2 sRM's a r e  s tored.  I n  the  l a t t e r  case,  e i t h e r  the 
2 a f t  segments o r  6 o ther  segments a r e  assumed t o  burn separately.  
Meteorological Conditions 
The concentrat ion ca lcu la t ions  were made fo r  very l i g h t  "worst- 
case" wind condit ions and f o r  normal wind condit ions a t  KSC. The meteorologi- 
cal condit ions used i n  t he  plume-rise and concentration models !?scribed 
below are shown i n  Table 8-3 .  The model parameters, except f o r  H shown i n  
m ' 
the t a b l e  f o r  very l i g h t  wind condit ions a r e  representa t ive  of nighttime 
s t a b l e  condit ions a t  KSC. The depth of the sur face  mixing layer  H f o r  
m 
these condit ions is  normally lower than the value of 550 meters shown i n  
the table .  However, if we had s e t  Hm to  a : ~ w e r  value,  the buoyant plume 
TABLE 8-1 
SOLID FUEL WEIGHT FOR SRM SEGMENTS 
TABLE 8-2 




I Fuel Weight (lbs) 
1 Burn Configuration i Segments I 











Two aft segments 
One each forward, forward center, 
a£ t center and aft segments 
Two each forward, forward center 
and aft center segments 
Two each forward, forward center 
aft center and aft segment- i 
TABLE 8-3 
METEOROLOGICAL MODEL INPUT .:.!J:ETEKS 
fram scme of the burn conf5guraLioas would have peaerrated the elevated 
inversion a t  the top ef the m i x i n g  layer arid the plure mid not have mixed 
to the ground. Because thn objective of this study urs to  determiae the 
maxiam hazard distance under 'trarst-casen conditions, the value of Itm used 
i n  the calculztions vas selected to yie ld  r a u h m  hazard dis-ance. The 
rode1 paraaeters s-buu i n  T a b l e  8-3 for mderate wind conditions represeat 
n o w 1  daytime corditions a t  KSC- Definitions of the input paratmeters are 
given in the discussions of the pl-rise and dispersion d e l s  below. 
Pl-e rfse for the quasi-contirnurus sources formed by the burning 
segrents was calculated from a rodel developed by Briggs (1970) for  continuous 
source emissions in to  a s table  atmosphere. The derivation of tbe plumerise 
H e 1  is given i n  Appe~Zix A of M A  CR-129006 ( lhdauld,  Bjorklund and 
Bouers, 1973). Ibe height z of the cloud centroid a t  t he  t after release 
is given by the expression f / 3  
3 .  
- 2 '1 fi - [ - 3 ~  - cos <s CR +(+) 
u Yc s C 
- -t 
.. . 
q = gravitational acceleration (9.8 m s I 
- 1 
Qc = effectivc r a t e  of heat release (cal  s ) 
-3 
PA = a i r  density (g n ) 
c = specfcic heat of air a c  conqtant pressure 
P 
( - 2 5  cal g -1 oK-l) 
T = a i r  temperature (OK) 
s = s tab i l i ty  parameter 
- A' = vertical  gradient of ambient potential t-rarurc 
A2 
- 
u = mean wind speed from a reference height of 2 meters to 
the height z 
.- = radius nf tk source R 
yi = extralment parameter i0.66) 
Ihe final pluee r i s e  from Equation (g-1) is 
which occurs a t  the time 
Inspectiorz of Eqwtien (3-1) and i 8 -4 )  shows that the he ight  z is dependent 03 the 
mean wind u which is in turn dependent on z.  Thus, i teratioa is required to 
determine the plume r i s e  at  ar.y t h e  t . 
Use of Qe plume-rise aodd requires that  Qc and rpbe specified. 
Values of Qc were obtained by asstring tha t  t& burnimg fuel releases 1100 
ItTO's per pound, or  about 50 perccnt of the  stofcbioectric d u e  of heat 
available. Also, each segment was a s h  t o  bum a t  a coastant rate over 
a period of 932 s d s .  Table 8-4 shows the  effective value of Qc used 
i n  the pl-rise calculations for the various bura ccmfigurations. The 
d u e s  for tbe i r r i t i a l  p l m  radious rR sbovn i n  Table 8-4 were  calculated 
under the assrnption that  the area A ccmtalning the brantag segments for 
each configuration could, for  our purposes, be represented 5y a c i r c l e  
with 3n equivalent area and radius rRgiven  by the expression 
Finally, Table 8-4 shows t!!e total mxmt  of BC1 released over the 932-second 
period which was based oa the assmption tha t  21 percent of the  fuel weight 
i n  each segments was released as gaseous XC1. 
Tables 8-5 and 8-6 show the results of using the p lumer i se  m d e l  
to calculate the centerline height of the plume and the plume radius a t  
that  height (tz = yPh+rR) a t  various d d a d  distances f r a  the burning 
segnent(s) for, respectively, very l i gh t  and moderate vind conditions. 
Quasi-Continuous Source W e 1  for  
Time-Average Coocentrat ions 
The Gussian amdel for  calculating the-average concentrations 
dovrarind from a quasi-continuous source with a constant r a t e  over the source 
emission time T is given by the expression E 
(Equation (8-8) continued on page 88) 
TABLE 8-4 
SOURCE PmmETErs 
I i 1 I i Effective H e a t  , Initial 
Release Rate, Qc i Plune Radius, rR 
(=I 
Ec1 ILission 
bte,  Q 
-1 (gs ) 
i 
1 8.1288 x 10 7 i 3.7 
4.9 
2.7935 r lob 
4 5.2408 x 10 
TABLE 8-5 
PLUME USE PANWTERS HIR VBBY LIGHT WIND COWDITIOMS 
TABLE 8-6 
PLf;He RISE P- FOR MODRATE VUI) ONDITICW 
I 
I Cent erl 
*Fin& Rise 
Lne Height (m) 1 Plume Radit-s (m) 
~f Segments Number of Segments 
(Equation (8-8; cmtlnued) 
x-u t f ( -  S) {erf ax I- erf [E]] 2 
where 
Q = source emission rate 
a = standard deviation of the crosswind concentration 
Y distributgon 
O;{T) = standard deviation of the wind azimuth angle i n  radians 
for the averaging time T 
oi{ro] = standard deviation of the wind azimuth angle in  radians 
for the meteorological sampling time period T 
? = concentration clveragin~ time A 
x = downwind distance from the source 
x = crossvind virtual distance 
Y 
(1 = crosswind dispersion coeff ic ient  
x = distance over which r e c t i l i n e a r  crosswind cloud atpansion 
'7 occurs downuind f r a  a v i r t u a l  pint source 
U = standard deviation of the crosswind concentration d i s t r i -  
yR bution a t  a distance 5( frm the source 
U = standard deviation of the  v e r t i c a l  concentration 
2 dis t r ibu t ion  
a; = standard deviation of the wind elevation angle i n  
radians 
x = v e r t i c a l  v i r t u a l  distanct 
z 
'ZR 
= standard deviation of the v e r t i c a l  concentration 
d i s t r ibu t ion  a t  
"R 
- 
u = mean wind speed 
y( = mean vind speed at  the reference height  5 
p = vind p r o f i l e  power-law exponent 
z1 = e f f e c t i v e  lower bound of t he  cloud 
z2 
= e f f e c t i v e  upper bound of the cloud 
y = crosswind d is tance  from the cloud cen te r l i ne  
= depth of the sur face  mixing l aye r  
H = e f f ec t ive  height  of the  source above ground l e v e l  
= hh from Equation (8-1) o r  (8-5) 
z = height  abave ground l e v e i  
t = time a f t e r  r e l ea se  
Ox = standard d a  i a t i m  of the alongwind c mcent ra t ion  d i s  t r i b u t  i cn  
& = v e r t i c a l  wind-speed shear i~ the layer containing the 
cloud 
a = standard deviation of the alongwind cloud distribution 
XO 
a t  the source 
Calculation Procedures 
The concentrations f o r  dcwnvind distances between the  source and 
the distances of aaxbum plume rise showr.fn Table 8-5 and 8-6 f o r  the 
various segment configurations were calculated using Equation (8-8) a t  each 
distance x using the meteorologic.al input parameters i n  Table 8-3, the 
source parameters i n  Table 8-4, and the follawing addit ional  input parameters: 
The values of o U a and j$ a t  the distance of maximum yr'  zr' xo 
plume r i s e  were used to  ca lcula te  concentrations using Equation (8-8) f o r  a l l  
distances berond the point of maximum cloud rise. The c ~ n c e n t r a t i o n  calcula- 
tions vere made for nearly-instaneous peak concentra thns  (T*= 2.5s) and 
for 10 minute (t = 600s) a'ld 30 minute (rA = 1800s) averaging times. A 
Results of the  Calculations 
The r e s u l t s  of the ca lcula t ions  are sham i n  Figures 8-1 through 8-10. 
Figure 8-1 s h w s  instantaneous and 10- and 30lninute time average - HC1 concen- 
t r a t ions  dowrrwind from a 1-segment bum during very l i g h t  wind conditions. 
A t  distances close t o  the  source, Figure 8-1 shows tha t  the instantaneous 
anii 10-minute time average concentrations a r e  ident ica l ,  a r e su l t  tha t  w e  
expect because the segment burns f o r  about 15.5 minutes aL a constant emission 
ra te .  The 30lainutc time average concentration is less because concentra- 
t ions  a r e  nearly zero during p a r t  of the 30 minutes a f t e r  the terminated 
plume has passed the receptor. A t  these distances c lose  t o  the source, 
concentration decreases with increasing distance because the  plume is r i s i n g  
f a s t e r  than i t  is expanding and the plume begins t o  lose  contact with the  
ground. As turbulence continues t o  cause plume expansion a f t e r  maximum 
plume rise has been achieved, concentrations again begin t u  increase t o  a 
maximum valce. A t  longer downwind distances when the terminated plume is 
expanding alongwind due t o  wind speed shear i n  the ve r t i ca l ,  the lo-minute 
and 30-minute time averaged concentrations become more nearly iden t i ca l  
( the  plume is "long" compared t o  the  averaging time). The remaining f igures  
for  burns of the various segment configurations show similar  patterns. 
The highest concentrations beyond 1 kilometer from the  sources occur under 
"worst-case" (very l i g h t  wind conditions) and a r e  grea tes t  for  the 8-segment 
(2SRM's) s torage conf igurat ion reaching a maximum instantaneous concentration 











Instantmeous and t h e a v e r a g e  9 coacentratioe prof i les  have 
been calculated daKawind frar postulated spills of MIX-10 fuel at Fuel 
Farn #l a t  KSC. The calculations were performed for  three meteorolosical 
cases specified by DF-E~~/~CSC. I n  Case 1, the wind at a height of 2 a is 
a s s 4  to  be f rca  199' a t  a speed of 3 1 s-l. According to  KSC, t h i s  
wind direction takes the evaporating cloud twa rds  the CCAFS Industrial  
Area a t  a distance of 3353 a f r a  Fuel Pam #I. In Use 2, a wind of 4 
-1 
P s from 130' is a s h  t o  carry the  clod tovards the KSC Industrial  
Area located a t  a distance of 8534 m £ram Fuel Farm #I. In Case 3, a 
wind from O1gO a t  a speed of 5 1 s-I is ass-d t o  carry the cloud t a n r d s  
Cape Canaveral Harbor a t  a distance of 6706 meters fran Fuel Farm #l. 
In  each case, DF-EIIS/KSC suggested tha t  we  assume that the HON-10 
2 fue l  covers an area of 1600 f t2  (148.65 m ) within the dikes constructed 
a: Fuel Farm (1. Recognizing that W)N-10 fue l  is comprised of 90% NZOq and 
10X NO, i t  was a l so  suggested that  a s p i l l  of 27,675 pounds of N 0 and 2 4 
3,075 pounds of NO be considered for  use i n  the calculations. After dis- 
cussion with DF-EMSIKSC, a joint  decision was made to  consider only the 
conversion of the 27,675 pounds of N204 to  NO2 gas i n  the calculations. 
Also, DF-MSIYSC suggested an evaporation r a t e  fo r  MON-10 fue l  of 5 x 
gal min-I f t-2. Since WN-10 fue l  has a density of 12.3 lbs  gal-1 a t  68' F, 
-2 -1 th i s  is equivalent to  an evaporation r a t e  of 5.0045 g m s . 
Meteorolonical Model Input Parameters 
A s  noted above, the wind conditions fo r  the calculations were 
specified by DF-PISIKSC. The other meteorological input parameters we 
selected a s  being representative of meteorological conditions a t  KSC under 
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the specified w i n d  conditions are dmm i n  Table 9-1. The yalues of the 
wind power-1- exponent p a d  the tultbul~ce parameterr qA and oB in 
Table 9-1 are coaservative values based on am analysis of rateorological 
data from the NASA-150 ae t e r  tower a t  ICSC (see Record, e t  a&. , 1969). That 
Is ,  the use of these values i n  the model calculations should lead to pre- 
dicted concentrations that are maximm value8 for  the specified wind con- 
ditions. The v a l m  of the surface miring depth Em i n  Table 9-1 are 
considered t o  be averse values for  tb- d a d  coaditions at RSC. There 
may be tfiaes, part icularly late at night and car19 i n  the rorning with 
winds of 3 1 s-' and less, the mixing depth is lower and -d ac t  
to increase co.'centratione at longer travel distances. The values of 
the dispersion coefffclents a and B given i n  Table 9-1 are based on 
our experience i n  modeling coacentrations downwind from quasi-continuous 
sources. 
Source lbdel Input Parameters 
The source model input parameters used i n  the calculations are  
given i n  Table 9-2. The values of the i n i t i a l  l a t e r a l  (0 ) and alongwind YR (uxo) source dimensions were obtained by assdug the spill area of 148.65 m 2 
t o  be circular and dividing the d i e t e r  of 13.7574 m by a factor of 4.3 to 
obtain the standard deviation of the concentration distribution a t  th* 
source. Thus, 
The ver t ical  source dimension a was a rb i t ra r i ly  set t o  0.1  m. The source 
eR 
emf ssion time TE is 
TABLE 9-1 
~ R O L O G I C A L  mDm. INPUT Pliiummm 
Model Parameters 
ii (m s-'1 
P 
Hm b) 






























SOURCE WlObBL 1NPm PARAWETERS 
Hodel Parameters 
u yR 'xo b) 
'ZR (Is) 
'k "1 
x = x  (ml 
r Y  rz 
TE (s) 








6.6708 x 10 9 
0 
' 
The amount of NO2 tha t  can be obtained from 27,675 pounds of N204 is 
Since w e  wish the concentration t o  be given i n  pa r t s  of NO per m i l l i ~ n  pa r t s  
6 2 
of a i r ,  the above value of Q must be multiplied by 10 , or  
3 9 Q {Q] = 6.6708 x 10 x lo6 = 6.6708 x 10 ppm m 3 
which is the  value fo r  Q shown i n  Table 9-2. Finally, the  source re lease  
height H is s e t  to zero f o r  a ground-level release.  The calculat ions were 
perf axmed fo r  nearly-instantaneous ( T ~  = 2.5s), 10-minute (TA = 600s) and 
30-minute (TA = l80Osj time-average concentrations. 
Results of the Calculations 
The concentration calculat ions were made using the  quasi-continuous 
source model described above i n  Section 8. Figures 9-1 through 9-3 s h w  
calculated peak NO2 concentrations versus downwind distance from the  hdN-10 
f u e l  s p i l l  f o r  Cases 1 through 3. I n  each f igure,  the three concentration 
curves represent averaging times of 2.5 seconds (instantaneous), 10- and 
30-minutes. The NO2 concentrations calculated a t  the distances of the  
CCAFS Indust r ia l  a :a (Case I ) ,  KSC Indus t r i a l  Area (Case 21, Cape Canaveral 
Harbor (Case 3) a r e  presented i n  Table 9-3. The calculated 10-minute and 
30-minute NO2 concentrations a t  the KSC Indus t r i a l  Area (Case 2) are  below 
the  lowest concentration shown i n  Figure 9-2. 
Figure 9-4, 9-5 and 9-6 show the  time p ro f i l e s  of instantaneous 
concentration fo r  Cases 1 through 3 a t  the  CCAFS Indust r ia l  Area, t h e  KSC 
Indus t r i a l  Area and Cape Canaveral Harbor. Figure 4 shows, for  example, 
FIGURE 9-1. Instantaneous, lo- a d  30-misutr t h e  average NO2 cincentrations 
for a 2-meter vind speed of 3 meters per sec3ad (Case 1). 
DQWNWlND DISTANCE (km) 
FTGURE Q-2.  Instantaneous, 10- and 33-mintute time average SO2 concentrations 
fcr a 2-meter wind speed of 4 meters per secand (Case 2). 
DOWNWIND DISTANCE (km) 
3-3. Instantaneous, 10- and 30-ninxcc tine average NO2 concentrations 
for a 2-meter wind speed of 5 meters per second (Case 3). 
- - - -- - 
i 1 No2 Caacaatratba (pp) i 
I Iastanmaemm ! i(kin 3 0 r i a  I 1 C X X 5  I d u t r b l  Area I 0- 30 I 1.1 0.37 
(Case 1, x = 335391) 1 
KSC Idustrial Area ! i (Case 2, x = 8534ar) I 0.03 0.04 
t 
i ' Cape Canaveral Earbar I 
; (Case 3. x = 6706 m) 
I 
t 
0.07 I 0.06 
FIGLX 9-4. Time profile of fnstantaneous NO2 concentrations at the CCAFS 
Iadustrial Area for a 2-weter vind speed of 3 e t e r s  per second 
(Case 1). 
TIME (minutes) 
FICL'E 9-5- Th profile of instantaneou;; NO2 concentrati~rw a t  rha G C  
Industrial Area for a 2-aeter wind speed of 4 meters pet second 
(Case 2). 
TIME (minutes) 
FIGURE 9-6. T h e  ~ r o f i l e  of instantaneous N62 coacen:ratfons a t  Cape Caaaveral 
Harbor for a Z-meter wind speed of 5 meters per second (Case 3) .  
that the NO2 concentration exceeds 1 p p  at the CCAFS Industrial Area about 
10 minutes after t k  sp i l l  occurs and rcraias greater, on the wetagc, tbwll 
1 ppa until 289 rinutes after the sp i l l  occurs. The time of arrival and 
the passage time of various instantaneous concentration levels at the 
CCAFS and tCSC Industrial Areas and for Cape Canaveral Earbor can be 
estimated from the curves in the three figures, 
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